So far, four RNA:pseudouridine (Ψ)-synthases have been identified in yeast Saccharomyces cerevisiae. Together, they act on cytoplasmic and mitochondrial tRNAs, U2 snRNA and rRNAs from cytoplasmic ribosomes. However, RNA:Ψ-synthases responsible for several U→Ψ conversions in tRNAs and UsnRNAs remained to be identified. Based on conserved amino-acid motifs in already characterised RNA:Ψ-synthases, four additional open reading frames (ORFs) encoding putative RNA:Ψ-synthases were identified in S.cerevisiae. Upon disruption of one of them, the YLR165c ORF, we found that the unique Ψ residue normally present in the fully matured mitochondrial rRNAs (Ψ 2819 in 21S rRNA) was missing, while Ψ residues at all the tested pseudouridylation sites in cytoplasmic and mitochondrial tRNAs and in nuclear UsnRNAs were retained. The selective U→Ψ conversion at position 2819 in mitochondrial 21S rRNA was restored when the deleted yeast strain was transformed by a plasmid expressing the wild-type YLR165c ORF. Complementation was lost after point mutation (D71→A) in the postulated active site of the YLR165c-encoded protein, indicating the direct role of the YLR165c protein in Ψ 2819 synthesis in mitochondrial 21S rRNA. Hence, for nomenclature homogeneity the YLR165c ORF was renamed PUS5 and the corresponding RNA:Ψ-synthase Pus5p. As already noticed for other mitochondrial RNA modification enzymes, no canonical mitochondrial targeting signal was identified in Pus5p. Our results also show that Ψ 2819 in mitochondrial 21S rRNA is not essential for cell viability.
INTRODUCTION
Pseudouridine (Ψ) is the most abundant and universally found modified nucleoside in RNA. Indeed, numerous Ψ residues are present at specific positions in rRNAs and tRNAs from Archaea, Bacteria and Eukarya and in UsnRNAs from Eukarya (for reviews see [1] [2] [3] . They are all formed post-transcriptionally by a family of enzymes designated as RNA:Ψ-synthases. The detailed mechanism of this reaction however is still unknown, yet it is thought that the carboxyl group of a conserved aspartate residue present in all RNA:Ψ-synthases identified so far plays an essential role (4-7, see below).
Present knowledge of RNA:Ψ-synthases is largely based on their identification in Escherichia coli. Two tRNA:Ψ-synthases were characterised in E.coli and other bacteria: PSU-I (recently renamed TruA) is specific for the formation of Ψ at positions 38, 39 and/or 40 in several tRNAs (8, 9) , while TruB catalyses the formation of the conserved Ψ residue at position 55 (10) . Among the characterised E.coli rRNA:Ψ-synthases, RluC and RluD catalyse the formation of Ψ residues at six distinct sites in E.coli 23S rRNA (5, 11, 12) , whereas RsuA and RluE catalyse each a unique U→Ψ conversion (6, 13, 14) . In addition, RluA displays a dual-substrate specificity since it is implicated in the formation of both Ψ 746 in 23S rRNAs and Ψ 32 in tRNAs (15, 16) .
Analysis of the sequence similarity between already characterised RNA:Ψ-synthases showed that these enzymes belong to four distinct families: TruA, TruB, RsuA and RluA (17) . The TruB, RsuA and RluA families share two short conserved motifs ( Fig. 1 , motifs I and II) (17) , while only the GRTD tetra-amino acid sequence found in motif II is conserved in the TruA family (6, 17) . Site-directed mutagenesis of the aspartate residue (D) in motif II showed that this amino acid is essential for catalysis (4) (5) (6) (7) . Extensive searches in DNA databases identified more than 100 genes coding for putative Ψ-synthases in 47 different organisms covering altogether the three domains of living organisms (Archaea, Bacteria and Eukarya) (6) .
Such analysis revealed nine genes encoding putative RNA:Ψ-synthases in the Saccharomyces cerevisiae genome (6) . Five of them correspond to the already characterised RNA:Ψ-synthases (Pus1p, Pus2p, Pus3p, Pus4p and Cbf5p) (18) (19) (20) (21) (22) . Pus1p, Pus2p and Pus3p are members of the TruA family, whereas Pus4p and Cbf5p belong to the TruB family. The targets of the Pus1p, Pus3p, Pus4p and Cbf5p enzymes were identified. Pus3p catalyses Ψ formation at positions 38 and 39 in the anticodon loop of cytoplasmic and mitochondrial tRNAs (22) , while Pus1p is implicated in Ψ formation at eight different positions in cytoplasmic tRNAs (18, 20) and also at position 44 in U2 snRNA (23) . Pus4p, like TruB in E.coli, is responsible for the site-specific formation of the highly conserved Ψ residue at position 55 in both cytoplasmic and mitochondrial tRNAs (19) . Finally, Cbf5p, a protein present in the H/ACA snoRNPs (21, 24) , catalyses the formation of most, if not all, Ψ residues in the yeast 18S and 25S rRNAs at the precursor level (35S pre-rRNA) in the nucleolus (21, 25) . Selection of the pseudouridylation sites in rRNAs is mediated through direct base pairing between the snoRNAs and the nucleolar pre-rRNA (26, 27) .
Previous examination of 34 cytoplasmic and 17 mitochondrial tRNAs so far sequenced in yeast (28) revealed that Ψ can be found at 15 distinct positions in cytoplasmic tRNAs and at eight positions in mitochondrial tRNAs (for review see 1). Altogether, the Pus1p, Pus3p and Pus4p RNA:Ψ-synthases mentioned above are responsible for Ψ formation at 11 out of 15 positions in cytoplasmic tRNAs and 5 out of 8 positions in mitochondrial tRNAs (18) (19) (20) 22) . Only the enzymes catalysing the formation of Ψ residues at positions 1, 13, 31 and 32 in cytoplasmic tRNAs and at positions 31, 32 and 72 in mitochondrial tRNAs remain to be identified. Moreover, while yeast Pus1p is capable of forming Ψ 35 in tRNA Tyr in vitro, the disruption of the corresponding PUS1 gene does not affect the formation of Ψ 35 in vivo, attesting for the existence of another enzyme acting on U 35 with overlapping specificity with Pus1p (20) .
Six Ψ residues have been identified in UsnRNAs from S.cerevisiae (23) . So far, only the enzyme responsible for the formation of residue Ψ 44 in U2 snRNA was identified (Pus1p) (23) . The enzymes responsible for Ψ formation at the five other sites in UsnRNAs have still to be identified.
Finally, the S.cerevisiae mitochondrial 21S LSU rRNA was found to contain one Ψ residue at position 2819 (29) and the corresponding Ψ-synthase had not been identified.
In this work, we focused our attention on one of the four S.cerevisiae genes encoding putative RNA:Ψ-synthases with unknown substrate, the YLR165c open reading frame (ORF). The encoded protein displays the two characteristic motifs I and II common to proteins of the three distinct RNA:Ψ-synthases families TruA, RsuA and RluA, and also an additional motif III common to the RsuA and RluA families (Fig. 1) . To identify the substrate of the YLR165c ORF protein product, the effect of the deletion of this ORF on the formation of Ψ residues at positions 13, 31 and 32 in cytoplasmic tRNAs, 31 and 32 in mitochondrial tRNAs, 5 and 6 in U1 snRNA, 35 and 42 in U2 snRNA, 99 in U5 snRNA and 2819 in mitochondrial 21S rRNA was tested. The results obtained reveal that the S.cerevisiae YLR165c ORF encodes the mitochondrial rRNA:Ψ-synthase.
MATERIALS AND METHODS

Disruption of YLR165c ORF
The YLR165c ORF (accession number in TREMBL, Q06244) was disrupted in the S.cerevisiae strains BMA64 (MAT a/α ura 3-1 ade 2-1 leu 2-3, 112 his3-11, 15 trp1D can 1-100) and BMA64-1A (MAT a ura 3-1 ade 2-1 leu 2-3, 112 his3-11, 15 trp1D can 1-100), by replacement of the entire coding region with the TRP1 auxotrophic marker. Replacement was done by the PCR-targeting method using the TRP1 gene flanked by short regions homologous to the target locus of the S.cerevisiae DNA (30, 31) . The TRP1 gene was amplified from plasmid pFL35. Both haploid and diploid strains were transformed with 3 or 6 µg of PCR-generated DNA fragments using the lithium acetate method (32) . Positive transformants (∆YLR165c) were selected on YNB plates lacking tryptophan. The disruption was confirmed by PCR amplification on yeast colonies.
Saccharomyces cerevisiae RNA preparation
Total RNA from the wild-type and the ∆YLR165c yeast strains was prepared as described previously (23) .
Ψ residues analysis in UsnRNAs and mitochondrial 21S LSU rRNA Ψ residues in the UsnRNAs and mitochondrial 21S LSU rRNA of the ∆YLR165c and wild-type S.cerevisiae strains were identified by the CMCT-RT approach (33), with the modifications described previously (23) . In brief, total RNA fractions were treated by CMCT, followed by alkaline treatment to remove the CMC group from U. The remaining bulky CMC-Ψ were identified by reverse transcription using various oligonucleotides complementary to snRNAs or 21S rRNA. The oligonucleotides used for Ψ identification in U1, U2 and U5 snRNAs were previously described (23) . The oligonucleotide complementary to nt 2846-2866 of the mitochondrial 21S LSU rRNA was used to detect the formation of a Ψ residue at position 2819 in this RNA.
Test for RNA:Ψ-synthase activities acting at positions 13, 31, 32 or 35 in tRNAs
The preparation of cell-free extracts from wild-type and ∆YLR165c yeast strains was performed as described earlier (34) . The enzymatic activity of RNA:Ψ-synthases acting at positions 13 or 32 and at position 35 in T7 transcripts of internally 32 P-labelled tRNA was tested using as substrates yeast tRNA Asp (anticodon GUC) and Arabidopsis thaliana pretRNA Tyr (anticodon GUA, including the intron). ATP and UTP labelling of tRNA Asp transcript followed by nearest neighbour approach allows the selective detection of Ψ 13 and Ψ 32 respectively (20) . The tRNA:Ψ 35 -synthase activity was tested using heterologous [α-32 P]ATP radiolabelled pre-tRNA Tyr from the plant A.thaliana. Quantification of Ψ formation in these tRNA was performed after complete T2 RNase digestion and separation of the digest by 2D-TLC, as described by Motorin et al. (20) .
The presence of pseudouridine residues at positions 31 and 32 in the yeast mitochondrial tRNA Met and tRNA Ser was tested using the CMCT-RT approach as described for analysis of mitochondrial 21S rRNA. The oligonucleotides complementary to mitochondrial tRNA Met (anticodon CAU) (nt 46-68) and to tRNA Ser (anticodon GCU) (nt 44-57) were used as primers. The presence of Ψ at position 31 in cytoplasmic tRNA Met (anticodon CAU) was tested by the same approach, using the oligonucleotide complementary to bases 40-57.
Complementation of the ∆YLR165c S.cerevisiae strain by plasmid p413TEF-YLR165c
The YLR165c ORF was amplified by PCR from the genomic DNA of strain BMA64-1A using an oligonucleotide corresponding to the 5′ end of the ORF (CAAGCGGAATTCGGatgtcaaaaaagcag) and an oligonucleotide complementary to the 3′ end of the ORF (GTTCGCCTTAAGTTAttactggtcccagttttc). Sense and antisense sequences of the YLR165c ORF are shown in lower case. The 5′-oligonucleotide generated an EcoRI restriction site (underlined). The amplified PCR product was subcloned in the pT-Adv cloning vector (Clontech, CA, USA). The resulting construct was cleaved by EcoRI and the fragment containing ORF YLR165c was inserted at the unique EcoRI site of the shuttle vector p413TEF (35) , downstream from the TEF promoter. The sequence of the insert was verified by DNA sequencing. Point mutation D→A at position 71 was introduced by PCR-mediated site-directed mutagenesis using the Quick Change Kit (Stratagene, WI, USA). The haploid BMA64-1A-∆YLR165c strain was transformed with plasmids containing the wild-type or the mutated YLR165c ORF using the standard lithium acetate procedure (36) .
Protein alignment and prediction of cell sorting signals
The multiple sequence alignment of RNA:Ψ-synthases was constructed with the ClustalW (37) and MACAW (38) 
RESULTS AND DISCUSSION
Disruption of the YLR165c ORF does not affect tRNA or UsnRNA pseudouridylation
To identify the RNA substrate(s) of the protein encoded by the YLR165c ORF, we performed a one-step gene replacement of this ORF by the gene encoding n-(5′-phosphoribosyl)-anthranilate isomerase (TRP1 auxotrophic marker). The resulting ∆YLR165c yeast cells did not show any growth phenotype when plated on rich or minimal media and grown at 20, 30 or 37°C. The cell-free extract and total RNA fraction obtained from the strain with the ∆YLR165c ORF were used to determine the consequences of the gene deletion on the pseudouridylation pattern of tRNAs, UsnRNAs and mitochondrial rRNA. The activity towards positions 13 and 32 in cytoplasmic tRNAs was tested on an in vitro produced yeast tRNA Asp Hence, altogether these results strongly suggested that the protein encoded by the YLR165c ORF is not a tRNA:Ψ-synthase. To investigate its possible involvement in UsnRNAs pseudouridylation, the presence of residues Ψ 5 and Ψ 6 in U1 snRNA, Ψ 35 and Ψ 42 in U2 snRNA and Ψ 99 in U5 snRNA was tested in the ∆YLR165c haploid strain using the CMCT modification approach and appropriate oligonucleotides for primer extension analysis. As shown in Figure 2 , all the Ψ residues present in UsnRNAs were conserved upon deletion of the YLR165c ORF, indicating that the corresponding protein is not required for modification of UsnRNAs in vivo.
YLR165c ORF is responsible for Ψ 2819 formation in mitochondrial 21S rRNA
Finally, we tested the possibility that the protein encoded by the YLR165c ORF acts on the S.cerevisiae mitochondrial LSU rRNA that is known to contain a single Ψ residue at position 2819 (33) . Modification by CMCT was done on total RNA fractions from the ∆YLR165c haploid strain and the isogenic yeast strain, and the presence of Ψ 2819 in the mitochondrial LSU 21S rRNA was tested as above by primer extension analysis. As shown in Figure 3 , the results obtained with the ∆YLR165c strain differed from those obtained with the wild-type strain by the absence of the Ψ residue at position 2819 in the mitochondrial 21S rRNA.
In order to verify that the YLR165c protein is indeed involved in Ψ 2819 formation, the ∆YLR165c strain was complemented by the p413TEF-YLR165c plasmid, containing the wild-type ORF under the control of the TEF promoter. As shown in Figure 3  (lanes 7 and 8) , Ψ formation at position 2819 in the mitochondrial LSU 21S rRNA was restored in the transformed yeast strain. To confirm the direct implication of the YLR165c-encoded protein in U→Ψ conversion at position 2819, we substituted the aspartate residue (D71) by an alanine in the GRTD sequence of the YLR165c ORF motif II (Fig. 1) and tested in vivo the complementation capacity of the mutated protein. The results presented in Figure 3 (lanes 9 and 10) show that the point mutation abrogated the complementation capacity of the Figure 2 . UsnRNA pseudouridylation pattern in the ∆YLR165c S.cerevisiae strain. Primer extension analysis was performed for U1 (A), U2 (B) and U5 (C) snRNAs from a total RNA fraction of the wild-type (WT) and ∆YLR165c S.cerevisiae strains. CMCT modifications were done for 1, 10 and 20 min (lanes 2, 3 and 4 respectively), experimental conditions are described in Materials and Methods. In lanes 3 and 4, the CMCT-modified RNA was subjected to an alkaline treatment at pH 10.4. A control extension experiment was made without addition of CMCT (lane 1). Lanes U, G, C and A correspond to the RNA sequencing ladder. Nucleotide positions, starting from the 5′-terminal nucleotide, are indicated on the right. The reverse transcription stops, corresponding to Ψ residues in U1, U2 and U5 snRNAs, are indicated by arrows on the left. 1 and 7) . The experimental conditions are the same as in Figure 2 . The reverse transcription stop, corresponding to residue Ψ 2819 , is indicated by an arrow on the left. Absence of this stop in the reverse transcription pattern of the 21S rRNA from the ∆YLR165c strain (lanes 5 and 6) indicates the absence of residue Ψ 2819 . Primer extension analysis of the CMCT-modified S.cerevisiae mitochondrial 21S rRNA in a total RNA fraction from the ∆YLR165c strain transformed with plasmid p413TEF-YLR165c (lanes 9 and 10) and with a plasmid bearing mutated YLR165c ORF (lanes 11 and 12).
cloned gene. Altogether, these results confirmed a mitochondrial rRNA:Ψ-synthase activity of the YLR165c-encoded protein.
For homogeneity of RNA:Ψ-synthase nomenclature in yeast we propose to rename the YLR165c ORF to PUS5 and the corresponding protein to Pus5p.
Mitochondrial targeting of YLR165c-encoded protein
Since mitochondrial 21S rRNA is synthesised and maturated exclusively in mitochondria, the corresponding rRNA:Ψ-synthase has to enter into mitochondrial compartments by a mechanism which involves some kind of addressing signal. So far, only a few mitochondrial rRNA and tRNA modifying enzymes were characterised; all of them are encoded by nuclear DNA, synthesised by cytoplasmic ribosomes and then targeted to mitochondria (41, 42) . The analysis of the YLR165c protein using the PSORT prediction software (39) , which takes into account only the first 20 amino acids, did not reveal any plausible mitochondrial leader peptide. Another approach for determination of possible subcellular localisation is based on the global amino acid composition of proteins (NNPLS software, 40). Using this prediction system the protein, encoded by the YLR165c ORF, can be classified as mitochondrial enzyme. Thus, despite the absence of pronounced N-terminal leader peptide, the YLR165c encoded protein is targeted into mitochondria.
The YLR165c encoded protein is likely dedicated only to mitochondrial rRNA modification since the residue at position 2945 in yeast cytoplasmic 26S rRNA (counterpart of position 2819 in the mitochondrial 21S rRNA) is not converted into a Ψ residue. In addition, even if a modification had to occur at this position, it would likely depend upon the Cbf5p/snoRNAguided system.
U→Ψ conversion at position 2819 of the S.cerevisiae mitochondrial 21S rRNA is not essential for growth
Several previous studies revealed a low content of posttranscriptional modifications in mitochondrial rRNAs. The mitochondrial S.cerevisiae LSU rRNA contains only three modified nucleosides: two 2′-O-methylated residues (Gm at position 2270 and Um at position 2791) and one Ψ residue at position 2819 (43-45, reviewed in 46). The two 2′-O-methylation sites found in the S.cerevisiae mitochondrial 21S rRNA are strongly conserved in cytoplasmic rRNAs from Eukarya and Bacteria (47) (48) (49) . In contrast, the unique Ψ residue present in yeast mitochondrial 21S rRNA is conserved only in mitochondrial LSU rRNAs from some other species (for example human and Mus musculus) and in Gram-negative bacteria such as E.coli (29, 33) . It is absent in the LSU rRNAs from the Gram-positive bacteria Bacillus subtilis (29) , in 26S rRNA of eukaryotic cytoplasmic ribosomes (45, 49) and also in the archaea Halobacterium halobium (29) . This is in agreement with our observation that the presence of Ψ 2819 is not essential for growth on fermentable carbon source. Similarly, in E.coli, inactivation of RluC that forms residue Ψ 2580 (the counterpart of the yeast mitochondrial Ψ 2819 residue) and two other Ψ residues in 23S rRNA does not affect growth rate (11, 12) .
Nevertheless, because of its location in a 23S rRNA region considered to be located at the ribosome peptidyl transfer centre, residue Ψ 2819 in the S.cerevisiae mitochondrial 21S rRNA may modulate the efficiency or the fidelity of the translation machinery. Indeed, the single-stranded sequences flanking helix 90 that contains Ψ 2819 (helices are numbered according to nomenclature of Leffers et al. 50) (Fig. 4) , are the most highly conserved regions in the LSU rRNA (47, 48, 50) . Several mutations in these single-stranded sequences confer resistance of bacterial or mitochondrial ribosomes to various antibiotics affecting the peptidyl transferase activity (for review see 51). The second modified nucleotide found in 21S mitocondrial rRNA of S.cerevisiae (Um 2791 ) is also located in the vicinity of the peptidyl transferase centre. Note that the terminal loop of helix 90 (Fig. 4) bearing Um 2791 was shown to crosslink with puromycin derivatives (47, 52) and to base-pair to the CCA terminal sequence of the tRNA located at the ribosomal A site (52) .
In conclusion, this study demonstrated that one of the four putative yeast RNA:Ψ-synthases (Pus5p) of the RluA-family is implicated in the modification of yeast mitochondrial rRNA. The functional characterisation and the identification of RNA targets for the three other putative RNA:Ψ-synthases are in progress in our laboratory. The three modified nucleotides of the S.cerevisiae mitochondrial 21S rRNA and their counterpart in E.coli 23S rRNA. Only the part of Domain V containing the three modified residues is represented according to the 2D structure drawn by Sirum-Connolly et al. (44) . The positions of the three modified nucleotides are shown, the numbers of their counterparts in E.coli are indicated in brackets (43) (44) (45) . Nucleotides are numbered starting from 5′-terminal. Helices are numbered according to Leffers et al. (50) .
